Summary Glucagon-like peptide-1 (GLP-1) is a hormone derived from the preproglucagon molecule that is secreted by intestinal L cells and stimulates insulin secretion from betacells. The GLP-1 receptor is a candidate gene for diabetes mellitus, as mutations may induce the impaired insulin response that is a characteristic feature of NIDDM. To study the relationship between the GLP-1 receptor gene and NIDDM, linkage of a microsatellite polymorphism flanking the GLP-1 receptor gene with diabetes was investigated in three Caucasian families with MODY and in the nuclear families of 12 NIDDM probands. A cumulative LOD score -8.50 excludes linkage in these MODY pedigrees. A LOD score of -1.24 in the NIDDM nuclear pedigrees makes linkage improbable. Mutations in or near the GLP-1 receptor gene are unlikely to be the major cause of the inherited predisposition to NIDDM in Caucasian pedigrees, but we cannot exclude a role for this locus in a polygenic model or a major role in some pedigrees. [Diabetologia (1994) 37: 721-724] Key words Glucagon-like peptide-1 receptor, non-insulin-dependent diabetes mellitus, maturity onset diabetes of the young, polymerase chain reaction, linkage analysis.
Genetic predisposition to the development of NIDDM is indicated by concordance in monozygotic twins, familial aggregation and differences in prevalence between different populations. The major genes involved in the development of NIDDM have yet to be elucidated. NIDDM is characterised by peripheral insulin resistance, increased hepatic glucose efflux, and diminished secretion of insulin from pancreatic beta-cells [1] . GLP-1, a peptide derived from proglucagon, is secreted from the small intestine during a meal and after oral glucose administration [2] . It enhances glucose-deReceived: 26 November 1993 and in revised form: 28 February 1994
Corresponding author: Dr. R. C. Turner, Diabetes Research Laboratories, Radcliffe Infirmary, Woodstock Road, Oxford OX2 6HE, UK Abbreviations: GLP-1, Glucagon-like peptide-1; NIDDM, noninsulin-dependent diabetes mellitus; MODY, maturity onset diabetes of the young; LOD, logarithm of the odds for linkage vs non-linkage; IG~ impaired glucose tolerance; bp, base pair. pendent insulin secretion both in vitro and in vivo. The GLP-1 receptor (GLP-1 R) has recently been characterised and is one of the distinct group of seven transmembrane-spanning G-protein coupled receptors [3] including receptors for secretin, parathyroid hormone, calcitonin, vasoactive intestinal peptide, growth hormone releasing hormone and glucagon. In a rat model of NIDDM, GLP-1 had an impaired stimulatory effect on glucose-induced insulin secretion [4] . In humans, an infusion of pharmacological doses of GLP-1 improves insulin secretion and increased glucose disposal in NIDDM patients. This suggests increased levels of GLP-1 can compensate for a defect in the glucose signalling pathway that regulates insulin secretion from betacells and may confer glucose sensitivity to glucoseresistant betacells. GLP-1 also has been proposed as a new therapeutic agent to stimulate insulin secretion by betacells of NIDDM patients [5, 6] .
As mutations in the GLP-1 receptor gene could contribute to impaired betacell function and development of diabetes, we have studied a DNA microsatellite, (TG)n repeat polymorphism near the GLP-1 receptor 
Subjects and methods
Subjects. Three Caucasian MODY families and 12 unselected NIDDM Caucasian nuclear families were included in the analysis. These were from 14 nuclear families studied after exclusion of two pedigrees that were uninformative as the diabetic subject in the first generation was homozygous for the GLP-1 R polymorphism allele. The MODY families were from Oxford, London and Dublin; the 12 nuclear families from the Oxford area are shown in Figure 1 . Segregation with the glucokinase gene had previously been excluded in these MODY families [7] . DNA was extracted from peripheral blood by using either the standard phenol/chloroform method or Nucleon II DNA extraction kit (Scotlab, Coatbridge, Lanarkshire, UK).
PCR analysis.
A polymorphic dinucleotide (TG)n repeat element located close to human GLP-1 receptor gene on chromosome 6p21 was investigated [8] . Eight different alleles were observed using the PCR. DNA (0. Linkage analysis. Each family was considered separately for linkage analysis performed with the software LINKAGE program (version 5.1) assuming dominant inheritance [9] . As a probe for a candidate gene was being examined, LOD scores were calculated with the recombination fraction theta equal to zero, as appropriate for a putative candidate gene. Subjects with IGT were considered as diabetic for the analysis. Age-related penetrance, calculated from studies of first degree relatives of NIDDM patients, was taken into account. Liability classes were based on prevalence studies of diabetes in the population and in pedigrees of NIDDM subjects. A co-dominant effect was assumed from the increased risk of diabetes in offspring when both 
Results
Figure i shows the GLP-1 R genotypes in the MODY and the NIDDM nuclear pedigrees. The (TG)n polymorphism showed eight alleles with a size range from 134 bp to 148 bp, 2 bp difference between each allele. The heterozygosity was 82 % with 144 bp allele being the most prevalent at 28 %. The LOD scores at a recombination fraction of zero (0=0) are shown in Table 1 . The cumulative LOD scores were -8.50 for MODY families and -1.24 for the NIDDM nuclear families. These results were little affected by changing the penetrance and/or phenocopy rates by + 10 % or -10 %, the LOD score for the MODY families being in the range -9.44 to -6.71 and for NIDDM families -1.51 to -0.75.
Discussion
Defects in insulin secretion are a common feature of NIDDM. Since glucagon-like peptide-1 plays an important role in modulating glucose-stimulated insulin secretion, and pharmacological levels of GLP-1 ameliorate the defect, mutations in the GLP-1 receptor are a candidate for the impaired beta-cell response. A cumulative LOD score of -8.50 at a recombination fraction of 0 = 0 significantly rejected linkage of GLP-1 R in the large MODY pedigrees studies. With regard to the NIDDM nuclear pedigrees examined, a cumulative LOD score of -1.24 implies that linkage is unlikely, even though the cumulative LOD score did not reach the threshold of -2 generally considered to confirm non-linkage. Linkage analysis in pedigrees is a powerful tool for examining the role of candidate genes in the aetiology of inherited diseases with a defined mode of transmission. Families with MODY are particularly suitable as they have clearly discernible autosomal dominant inheritance, the early age of onset allows ascertainment of affected members over three generations [10] . A major role for a candidate gene in NIDDM can be studied by examining several NIDDM pedigrees with due allowance for the high disease prevalence and late age of onset by age-dependent penetrance. The results indicate that mutations of the GLP-1 R gene are unlikely to have a major role in the pathogenesis of MODY or NIDDM, but do not exclude a role for GLP-1 receptor defects in a minority of NIDDM pedigrees.
